Abstract. Three features of relativistic heavy-ion collisions are discussed: (1) Stopping at RHIC and LHC energies in a QCD-based model, (2) Charged-particle production in a relativistic diffusion model (RDM), and (3) Υ suppression in PbPb collisions at the current LHC energy of √ s NN = 2.76 TeV.
. Calculated rapidity distribution of net baryons in a QCD-based approach to describe stopping in comparison with SPS and RHIC data. Central Pb + Pb collisions at SPS energies of √ s NN = 17.3 GeV (left, NA49 data [4, 5] ), and AuAu at RHIC energies of 62.4 GeV (middle), 200 GeV (right). BRAHMS data are from [6] [7] [8] [9] . The theoretical fragmentation peak position depends weakly on the gluon saturation scale Q s , see [3] for details. Theoretical distributions are shown here for values of the saturation-scale exponent λ = 0.2 (solid curves). Arrows indicate the beam rapidities. Dotted curves include the effect of a fragmentation function. From Mehtar-Tani and Wolschin [3] .
Stopping in heavy-ion collisions at SPS, RHIC and LHC energies
Baryon stopping in central heavy-ion collisions at low relativistic energies in the AGS and SPS region is well described in a relativistic diffusion model that allows to calculate analytically net-baryon rapidity distributions based on non-equilibrium-statistical considerations [1] . However, it does not offer a direct indication whether the physical origin of stopping is of hadronic or partonic nature. In a partonic QCD-based model such as [2, 3] that is tailored to high-energy processes one should, however, expect deviations from the data in certain net-baryon observables when the energy is reduced and hence, hadronic processes become important. Predictions of this partonic approach have therefore been compared to the available data in order to describe stopping, and find signatures for the transition from soft hadronic to hard partonic processes in the corresponding net-baryon (proton) observables such as rapidity distributions.
We have investigated in [2, 3, 10, 11] both the mean rapidity loss δy , and the fragmentation peak position y peak as functions of the beam rapidity y beam (or center-of-mass energy √ s NN ). Already at a SPS energy of √ s NN = 17.3 GeV, the fragmentation peaks are clearly visible in the NA49 data [4] , see figure 1 [3] . They move further apart in rapidity space as the energy is increased to 62.4 GeV and 200 GeV at RHIC. At the maximum LHC energy of 5.52 TeV, the fragmentation peaks are even further separated, and expected to be about 2 units of rapidity below the beam value according to the microscopic prediction, see figure 2 [2] (y beam = 8.68).
Most of the physical processes leading to the rapidity loss in the peak region are of partonic nature: Fast valence quarks in the projectile collide with the gluon condensate in the respective other beam, thereby exchanging soft gluons, and reducing the beam energy and rapidity. This behaviour should persist also at lower incident energies such as those reached at RHIC and SPS, and one expects a linear dependence of the peak position (or the rapidity loss from y beam to y peak ) on the beam rapidity.
In contrast, the mean rapidity loss that involves physical processes over the whole range from midrapidity to the beam value is not only due to partonic events, but will gradually involve hadronic energy-loss mechanisms. The expected indication for this effect are deviations of the mean rapidity loss δy from a linear dependence on the beam rapidity. The fragmentation peak position depends considerably on the gluon saturation scale Q s . Theoretical distributions are shown for values of the saturation-scale exponent λ = 0 (dashed), λ = 0.15 (solid), and λ = 0.3 (dotted curve) [2] . ALICE currently provides particle identification only in the shaded midrapidity region, the peaks are experimentally not yet accessible. From [2] , inset from [11] .
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Results for the fragmentation peak position as function of the beam rapidity as extracted [10] from NA49 [5] and BRAHMS [6] data are shown in figure 3 [10] . They fall on a straight line which agrees exactly with the analytical prediction of our partonic model based on gluon saturation [2] 
for a saturation-scale exponent λ = 0.2, an empirical const = -0.2, and the mass number A. Here λ determines the Bjorken-x dependent value of the gluon saturation momentum Q The predicted linear growth of y peak with y beam is found to be valid also at low SPS energies, see figure 3 . This indicates that even in this region of low relativistic energies, the processes that lead to an energy and rapidity loss in the peak region are predominantly partonic.
The mean rapidity loss is obtained by subtracting the average rapidity from the beam rapidity,
dy dy. It reflects the properties of the system over the whole rapidity range, not just at the peak position, and may therefore show a qualitatively different dependence on the beam rapidity y beam (or the initial c.m. energy √ s NN ) than the fragmentation-peak position y peak .
Indeed it is found [2, 9, 12 ] to deviate from a simple straight-line dependence on the beam rapidity, see figure 4 [3]. In the high energy limit, the partonic model based on the concept of gluon saturation [2] predicts for the mean rapidity loss δy = λ 1+λ y beam + const . This result is indicated by the straight line in figure 4 for λ = 0.2 [11] . The limit should be reached in PbPb collsions at the highest LHC energies. At lower energies, the data for the mean rapidity loss (figure 4) clearly show an increasing deviation that is indicative for the gradual onset of hadronic processes that are not accounted for in the partonic high-energy limit, and thus, for the increasing relevance of confinement.
3 Hadron production in heavy-ion collisions at LHC energies Most theoretical models for particle production in relativistic heavy-ion collisions focus on gluongluon production (see [14] as an example). The particle and antiparticle distributions are then identical, which is not the case experimentally, see for example in π + and π − distribution functions [15] . y beam Figure 3 . Peak positions of the net-proton rapidity distributions in Pb + Pb (black squares) and Au + Au (black diamond) as function of the beam rapidity, determined from double-gaussian fits [10] of the NA49 [5, 13] and RHIC data [9] . The open square is based on older NA49 data at 17.3 GeV [4] . The slope agrees well with the analytical expression eq.(1) for λ = 0.2, dashed line. The cross refers to the calculated peak position of Au + Au at 200 GeV, the inclined crosses to Pb + Pb at LHC energies of 2.76 and 5.52 TeV. The data show no deviation from the straight line, indicating the dominance of partonic processes at the peak position. From [10] . [12] , SPS Pb + Pb data (NA49, square [4] ), RHIC Au + Au data (BRAHMS, dots, with triangles as lower and upper limits [6, 9] ) are compared with the calculations [2, 3] . The solid straight line is the analytical prediction of the slope in the high-energy partonic limit for λ = 0.2. Below the highest RHIC energies there is a clear deviation from the partonic limit due to the gradual onset of hadronic processes -as a consequence of confinement -in the mean rapidity loss. No such deviation appears in the corresponding fragmentation peak positions, see figure 3 . From [3] , inset from [11] .
Hence, the fragmentation sources from quark-gluon interactions have to be considered in addition. In net-baryon distributions (baryons minus antibaryons) the gluon-gluon source that is peaked at midrapidity even cancels out such that only the fragmentation sources remain [2, 3] , giving rise to two fragmentation peaks that are clearly seen in the data at high SPS and RHIC energies, and in the theoretical predictions at LHC energies, see the previous chapter. The effect of the fragmentation sources is less obvious for produced particles (rather than net baryons), but it has to be considered in theoretical treatments. In [16] I have proposed to investigate the relative importance of gluon-gluon vs. fragmentation sources as a function of c.m. energy in collisions of heavy systems (AuAu, PbPb) using a relativistic diffusion model (RDM) [17, 18] , which is a phenomenological nonequilibrium-statistical model. It has proven to be useful in the analysis of data and in predictions for asymmetric [19] and symmetric [20] systems. Its three sources correspond EPJ Web of Conferences 00139-p.4 [16] adjusted to the PHOBOS [22] and ALICE [23, 24] , upper frame. In the bottom frame, the underlying theoretical distributions are shown for 2.76 TeV PbPb. The shape of the midrapidity source is modified by the Jacobian. At LHC energies, the midrapidity value is mostly determined by particle production from gluon-gluon collisions. The upper curve is the RDM-prediction for 5.52 TeV. From [16] .
to the gluon-gluon and fragmentation sources of the available microscopic theories. The relative sizes of these underlying components can be determined in direct comparisons of the RDM sources with the data as functions of the incident energy.
The gluon-gluon source is unimportant in charged-hadron production at SPS and low RHIC energies up to √ s NN 20 GeV [21] , and the measured pseudorapidity distributions are well reproduced from the fragmentation sources only. Here the fragmentation sources are peaked close to midrapidity. They are consequently strongly influenced by the Jacobian transformation from rapidity to pseudorapidity space. At higher energies, the fragmentation peaks move apart, the central gluon-gluon source emerges, and the Jacobian increasingly affects only the central source. Also, its overall effect becomes smaller with rising energy since it depends on ( m /p T ) 2 , but a consideration of the Jacobian is still essential for the accurate calculation of pseudorapidity distributions at LHC energies. The pronounced midrapidity dip seen in the ALICE PbPb charged-hadron data is thus caused by the interplay of fragmentation and central sources, plus the effect of the Jacobian on the central source.
A brief outline of the method used to determine the relative size and extent of the sources in η−space is given in the next section [16] . Results for heavy systems at RHIC and LHC energies are presented, and the energy dependence of central and fragmentation sources is discussed. Conclusions are drawn in section 5.
RDM with three sources
In [16] and references therein, the rapidity distributions of produced particles are calculated in the three-sources version of the relativistic diffusion model from an incoherent superposition of the fragmentation sources R 1,2 (y, t = τ int ) with charged-particle content N 
with the rapidity y = 0.5 · ln((E + p)/(E − p)), and the interaction time τ int (total integration time of the underlying partial differential equation). In the linearized RDM [17] , the macroscopic distribution functions are solutions of the Fokker-Planck equation (k = 1, 2, 3)
Integrating the equation with the initial conditions R 1,2 (y, t = 0) = δ(y ± y max ), the absolute value of the beam rapidities y max , and R 3=gg (y, t = 0) = δ(y − y eq ) yields the exact solution as described in [16] , and references therein.
Pseudorapidity distributions of produced charged particles are then obtained by converting the calculated distribution functions to pseudorapidity space, η = −ln[tan(θ/2)]. The well-known Jacobian transformation
depends on the squared ratio of the mass and the transverse momentum of the produced particles: Its effect increases with the mass of the particles, and it is most pronounced at small transverse momenta.
For reliable results one has to consider the full p T −distribution, however. In [16, 20] it is outlined how this can be done approximately.
In the fragmentation region where LHC data are not available, we have proposed in [20] to use the well-known limiting fragmentation scaling hypothesis [25] as an additional constraint. We use 0.2 TeV AuAu results at RHIC -where data in the fragmentation region are available -to supplement the LHC 2.76 TeV PbPb data in analogous centrality classes at large values of pseudorapidity as described in [20] .
Results for hadron production
The RDM result for the pseudorapidity distribution of produced charged hadrons 2.76 TeV PbPb is shown in figure 6 [16] together with recent ALICE data [24] for 0−5% centrality in a χ 2 optimization. Parameters are given in [16] .
The relative size of the three sources in central 2.76 TeV PbPb is displayed in the lower frame of figure 5 . The midrapidity source already contains the largest fraction of produced charged hadrons. Its shape is significantly deformed by the Jacobian transformation from rapidity to pseudorapidity space, whereas the fragmentation sources are not much influenced by the transformation.
The midrapidity dip is more pronounced at LHC energies as compared to RHIC energies, although the effect of the Jacobian tends to be smaller at the higher incident energy. This clearly indicates that there has to be a physical origin of the midrapidity dip in addition to the effect of the Jacobian, and in [16] I have proposed that the interplay of the three sources provides the observed effect. In 2.76 TeV PbPb collisions, the fragmentation sources are peaked at large values (< y 1,2 >= 3.34) of rapidity -whereas at 0.2 TeV RHIC energy, the center is at < y 1,2 >= 2.4. Consequently, the midrapidity yield at LHC energies is essentially due to the central source, with only a small contribution from the fragmentation sources. Although the relative particle content in the central source is larger at LHC energies than at RHIC, this produces the observed midrapidity dip, together with the effect of the Jacobian on the central source.
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00139-p.6 . Circles are the total numbers, squares are hadrons produced from the midrapidity source, and triangles are particles from the fragmentation sources. The gluon-gluon source (dashed) becomes the main source of particle production between RHIC and LHC energies. From [16] .
Energy dependence of the three sources
Charged-hadron production at RHIC [22] and LHC [24] energies has been investigated experimentally in sufficient detail to provide conclusions regarding the relative size of the three particle production sources as function of energy in heavy-ion collisions (AuAu at RHIC, PbPb at LHC). The energy dependence of the sources is displayed in figure 6 , with parameters given in [16] . Here the total charged-hadron production (circles) follows a power law ∝ s
0.23
NN . The hadrons produced from the central source (squares) have an even stronger dependence on initial energy according to ∝ s 0.44 NN , whereas particles produced in the fragmentation sources have a weaker dependence ∝ log(s NN /s 0 ).
The rising particle production yield from the central (gluon-gluon induced) source with incident energy is due to the increasing gluon content of the system at high relativistic energies.
Bottomium suppression in PbPb collisions at LHC energies
In relativistic heavy-ion collisions the suppression of quarkonium (QQ) states as compared to the yield in pp collisions at the same energy (scaled with the number of binary collisions) is an interesting probe for the investigation of the quark-gluon plasma that is likely produced in sufficiently central collisions at RHIC and LHC energies.
Whereas charm quarks are produced abundantly at LHC energies such that statistical regeneration effects become important in case of J/Ψ suppression, only few of the three times heavier bottom quarks are produced, and the bottomium system becomes a cleaner probe than charmonium, also from the theoretical point of view. Its Υ(1S ) ground state is very strongly bound and therefore not sensitive to the screening [26] [27] [28] [29] of the real part of the quark-antiquark potential except at temperatures larger than 4.1 times the critical temperature (which we take here as T c 170 MeV).
Hence, the direct suppression of the Υ(1S ) state in the QGP medium is mostly caused by the imaginary part of the quark-antiquark potential that accounts for collisional damping, and by gluodissociation through the dipole interaction with thermal gluons, see [30] , and references therein. In addition, since the suppression of excited states through screening, damping and gluodissociation is large, the correspondingly reduced feed-down to the ground state needs to be carefully taken into account. The suppression of the Υ(1S ) ground state (mass 9.46 GeV) down to 56 % in minimum-bias PbPb collisions at LHC energies [31] [32] [33] is thus due to damping and gluodissociation, and to the reduced feed-down from the suppressed excited states [30] . The subsequently outlined model [30, 34] aims to account for these processes.
The calculation of the bb wave functions for six Υ(nS ) and χ b (nP) states, and the associated widths Γ damp of these states due to collisional damping from a complex potential are considered in the following section as detailed in [30] . Next the calculation of the gluodissociation decay widths Γ diss for the same states is discussed [34] . The time evolution of the fireball and subsequent decay cascade in PbPb at √ s NN = 2.76 TeV is then considered, and the results are presented in comparison with the available CMS data at LHC energies. The conclusions are drawn in the last section.
Bottomium wave functions
Due to the small relative velocity v c of the bottom quarks, a nonrelativistic potential model is adequate for the description of bottomium states. This leads to a Schrödinger equation, with the coulombic, color-singlet potential V = −C F α In the QGP environment the calculation is made at finite temperature which yields for the shortrange part of the potential, in the HTL approximation, a complex, screened, coulombic expression [36, 37] that we have used in our phenomenological approach [30] . The imaginary part of the potential causes a decay width Γ damp , monotonically increasing with temperature, which accounts for collisional damping by the plasma particles.
This potential does, however, not yet contain the long-range non-perturbative string contribution which causes confinement and vanishes due to screening only at sufficiently high temperature T > T c . Since a consistent derivation is not possible, we have parametrized the long-range part as in [38] so that the full singlet potential reads [30] .
The Schrödinger equation is now solved for every bb state with the potential (5) for T ≥ T c up to the dissociation temperature T diss above which screening prevents bottomium formation and no bound state solutions exist. The dissociation temperatures with the above parameters are T diss 668, 217 and 206 MeV for Υ(1S ), Υ(2S ) and χ b (1P), respectively: The higher excited states are already dissolved for T > T c .
Gluodissociation in the medium
We have shown in [34] that at LHC energies, gluodissociation is a major process besides collisional damping and reduced feed-down that leads to a suppression of Υ's. This is due to the high gluon density reached in the mid-rapidity region. Hence we have calculated in [30, 34] 
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We have generalized the approach of Bhanot and Peskin (BP) [39] to include the effect of our modified potential (5) [40] , and obtain for a bottomium state (nl) [30] 
The singlet and octet states are |nlm >, |ql m > and α
0.59. The radial wave function h ql of the states |ql m > is derived from the octet Hamiltonian with the potential V 8 = +α eff /(8r), and the value of q is as determined from energy conservation, q = m b (E g + E nl ). The use of the δ−function is an approximation, the actual energy-conserving function in a complex potential acquires a width (Breit-Wigner distribution).
The mean gluodissociation cross section, is then obtained by averaging our calculated gluodissociation cross sections over the Bose-Einstein distribution function of gluons at temperature T . We thus assume that the medium is thermalized, although the heavy bb is not
where g d = 16 is the number of gluonic degrees of freedom. This expression is valid for an idealized case of Upsilons at rest in a thermal bath of gluons with temperature T. However, produced quarkonia are never strictly at rest, but have an rms momentum of several GeV. We shall discuss this effect infuture work. The total decay width in the QGP is obtained from the sum of the collisional decay width Γ damp together with the resulting width from gluodissociation, Γ tot = Γ damp + Γ diss . The partial widths Γ damp and Γ diss are calculated in [30] . Both processes are of the same order of magnitude and need to be considered when calculating the total width in the quark-gluon plasma. Whereas damping increases monotonically with temperature, gluodissociation reaches a maximum, and decreases again at very high temperatures beyond 600 MeV due to the diminishing overlap of the thermal gluon distribution and the gluodissociation cross section at large values of T.
Expansion of the medium and feed-down
The number N bb of produced bb-pairs at the point (x, y) in the transverse plain and impact parameter b is proportional to the number of binary collisions N coll and nuclear overlap
The bottomium states are created at a formation time which is taken here as t F = 0.1 fm/c, but will be investigated in more detail in future work. In [30] , we have taken the initial temperature to be proportional to the number of collisions, and Bjorken scaling is used for the time evolution [41, 42] 
, with t QGP the maximum lifetime of the quark-gluon plasma.
The suppression factor in the quark-gluon plasma R QGP AA , which accounts only for the bb suppression due to the three processes Debye screening, collisional damping and gluodissociation, can then be calculated as described in detail in [30] .
Having calculated the suppression during the evolution of the fireball we have next considered the feed-down of the remaining bb population to calculate the fraction of decays into dimuon pairs, Υ(nS ) → μ + μ − [30] . The results that are discussed in the next section will include the effect of the feed-down cascade. 
Results for bottomium suppression
We have presented in [30] the results for gluodissociation as derived from eq. (7), and for screening and collisional damping from the solutions of the Schrödinger equation with the complex potential. The total decay widths Γ tot are then inserted into a dynamic calculation for the fireball evolution to calculate QGP suppression factors. The bottomium states pass through a decay cascade (see [43] ) so that the higher excited states feed the lower lying states to yield the final suppression factors.
Results for the suppression of the Υ(1S ) state in PbPb relative to pp are shown in figure 7 [30] for three different QGP lifetimes t QGP = 4, 6, 8 fm/c as functions of centrality (number of participants). When comparing with our result from the QGP suppression factor (upper dotted step function), it is evident that the consideration of the feed-down cascade is essential for modeling the suppression. The calculated suppression is obviously in very good agreement with the CMS data for the Υ(1S ) ground state. This is also true for minimum bias (centrality integrated) results.
Results for the suppression of the Υ(2S ) state in PbPb relative to pp are shown in figure 8 [30] for three different QGP lifetimes t QGP = 4, 6, 8 fm/c as functions of centrality, and compared with CMS data [33] . The suppression found experimentally is much more pronounced than in the calculation, in particular, for the three more peripheral data points. Other theoretical approaches such as [44] [45] [46] also find that the Υ(2S ) suppression factor rises towards 1 for peripheral collisions, in contrast with the data.
Conclusions
In the QCD-based treatment of stopping in relativistic heavy-ion collisions, the fragmentation peaks occur due to the interaction of valence quarks with gluons. The qualitatively different dependence of the fragmentation peak position, and the mean rapidity loss on the beam rapidity offers a clear indication for the onset of hadronic behaviour -confinement -at low energies.
The transition from partonic to hadronic behaviour in central collisions as the beam energy decreases is gradual, there is no sudden deconfinement with a corresponding jump in the mean rapidity loss at a particular beam energy. Hadronic and partonic processes coexist in a large energy region that extends from AGS to low LHC energies. In the fragmentation peak region, partonic processes are decisive even at low SPS energies.
Regarding particle production in the nonequilibrium-statistical RDM approach, I have determined the particle content of fragmentation (valence quark -gluon) and midrapidity (gluon -gluon) sources for charged-hadron production in heavy-ion collisions at high relativistic energies as function of c.m. energy. In turns out that particle production from the gluon-gluon source becomes more important than that from the fragmentation sources in the energy range between the maximum RHIC energy of 0.2 TeV, and the current LHC energy of 2.76 TeV.
Our phenomenological model for Upsilon suppression in PbPb collisions at LHC energies yields a reasonable description of the ground state suppression due to gluodissociation, damping, and reduced feed-down, although there are caveats related to various model assumptions. Screening is unimportant for the Υ(1S ) state. For the excited states the model reveals substantial screening effects and -together with the other dissociation processes that we consider -larger suppression than for Υ(1S ), but it disagrees quantitatively with the current CMS data regarding the centrality dependence. Hence there is considerable room for future improvement.
